In a series of experiments, the planktonic larvae of Marenzelleria viridis (Verrill, 1873) were exposed to various combinations of salinity (S = 0.6, 2.5, 5.0, 10 and 20‰) and temperature (T = 5, 10 and 20°C) from the 1-setiger stage to the onset of metamorphosis (16-to 17-setiger stage). One-setiger larvae were unable to complete their development to metamorphosis at salinities below 5‰. Metamorphosis was successful at salinities of 10 and 20‰, when the animals adopted a benthic life mode. Larval development was more rapid at 10‰ than at 20‰, and was positively affected by higher temperatures. Larvae exposed to a salinity of 3.5‰ at the 4-to 5-setiger stage developed and completed metamorphosis to benthic juveniles despite the low salinity. These larvae developed most rapidly at a temperature of 10°C. The salinity tolerances (LC 50 ) of M. viridis larvae (t = 48 h), juveniles and adults (t = 72 h in each case) were determined at 10°C. The results showed that all development stages can tolerate salinities <l‰. The importance of constraints on development and tolerance to low salinities for the successful colonization of oligohaline regions is shown and discussed in connection with other brackish-water organisms.
Introduction
Compared with other biotopes, brackish-water regions are colonized by relatively few species. Although the distributions of their communities are limited mainly by salinity, Arndt (1989) has shown that other factors also play a limiting role in such biotopes, including temperature, oxygen concentration, pH, water turnover rate, substrate quality and food availability. The species composition of brackish-water communities typically reaches a minimum at salinities (S) between 5 and 8‰, called 'Horohalinikum' (Kinne, 1971) . Most limnic species are unable to survive at these salinities, which also represent the lower limit for colonization by marine species.
Despite the high level of physiological adaptation shown by their adult inhabitants to life in a brackish-water environment, oligohaline regions (S < 5‰) represent the boundary of the reproductive distribution area for most species. Experiments with Nereis diversicolor, for instance, have shown that adult animals can tolerate salinities <l‰, but gastrulae, trochophores and young 3-setiger nectochaetes die at salinities <5‰ (Bogucki, 1963; Hohendorf, 1963; Lyster, 1965; Smith, 1956 Smith, , 1963 Smith, , 1964 Smith, , 1977 . These oligohaline areas are colonized by transiently pelagic nectochaetes with four or five setigers and immature juveniles that are able to swim and can tolerate low salinities better than young larvae. The fairly small polychaetes Fabricia sabella, Manayunkia aestuarina and Streblospio shrubsoli are also unable to reproduce at such low salinities (Nausch, 1988a,b) .
Until the late 1980s, the macrozoobenthos of the oligohaline part of the boddens south of the DarssZingst Peninsula, a tideless estuary-like coastal water of the southern Baltic (54°25'N, 12°40'E), was dominated by chironomids and oligochaetes, which accounted for up to 75-95% of all individuals (Arndt, 1988) . Small numbers of the polychaetes N.diversicolor, F.sabella and M.aestuarina were found additionally in α-oligohaline areas. Since the late 1980s, an invader, the euryhaline species Marenzelleria viridis, a typical representative of estuarine communities, has become established in these waters. In 1993, M.viridis achieved abundances of 8000 ind. m -2 in the oligohaline areas and an individual dominance of >40%, thereby displacing chironomids and oligochaetes from their position as the most common macrozoobenthos representatives of this zone (Zettler, 1994; Zettler et al., 1995) . Bochert et al. (1996) noted that abundances of the pelagic larvae of M. viridis were highest in the oligohaline part of the investigation area during the reproductive season, which is autumn in this area. Field studies showed that mature gametes can be produced and the eggs fertilized in the open water even at salinities <4‰ (R. Bochert, unpublished results) .
The effects of temperature and salinity on the larval development of M. viridis have already been studied for a North American population (George, 1966) . However, the results of that study cannot be applied directly to the population in the Baltic. Investigations by Bochert and Bick (1995) and Bochert et al. (1996) have shown that the populations differ not only in reproductive season, but also in the duration of larval development and larval morphology. The studies by Bastrop et al. (1995) and Rohner et al. (1996) revealed the possible occurrence of two M. viridis-sibling species.
The present studies were undertaken to identify the influence of salinity and temperature on larval development, and, therefore, on the distribution of M.viridis and its ability to colonize new, especially oligohaline, habitats.
Method

Culture experiments
The experiments were performed with naturally spawned eggs. The start of the natural spawning period was identified by daily observations of the plankton.
Fertilized eggs were collected with a plankton net (144 µm mesh) at a station (54°25'N, 12°40'E) in the boddens south of the Darss-Zingst Peninsula. The water temperature during collection was 14.8°C and the salinity was 5.9‰. Egg densities at this time were around 400 000 eggs m -3 . At the laboratory, light traps were used to separate the other zooplankters (mainly copepods) from the eggs, which were then placed in an aquarium. The eggs developed into 1-setiger larvae within a few hours. At the beginning of the experiment, ~1000 1-setiger larvae were placed in each of 152.51 aquaria without sediment. This is roughly equivalent to the density of 5 x 10 5 ind. m -3 observed during field studies. The first development experiment was performed at three different temperatures (5 ± 0.3°C, 9.3 ± 0.05°C and 19.9 ± 0.3°C) and five different salinities (0.6 ± 0.04‰, 2.6 ± 0.1‰, 5.1 ± 0.2‰, 10.3 ± 0.3‰ and 20.1 ± 0.5‰) for each temperature. The low salinities were achieved by diluting filtered biotope water (~6‰) with deionized water and the high ones by adding sea salt. About 30 larvae were taken from the aquaria every week and their setigers counted.
In a second experiment, ~1000 larvae at the 4-to 5-setiger stage were placed in aquaria containing water with a salinity of 3.5 ± 0.1 ‰ at the three respective experimental temperatures. The experiment started after 24 h acclimation to the respective temperature. A 12:12 h light/dark photoperiod was maintained throughout all experiments.
To feed the larvae, 601 of biotope water were filtered through 56 µm gauze twice a week, whereafter the phytoplankters were separated by centrifugation [Contrifuge 17S/RS table centrifuge with throughflow rotor (r = 9.9 cm), Heraeus, Sepa-tech] at 5000 r.p.m. (g = 2767). The algae were then resuspended in 60 ml of the water, of which 5 ml [~ 7 mg dry weight (DW) ml -1 ] were added to each aquarium as food. This was about twice the natural phytoplankton concentration. The suspensions contained mainly Tetrastrum triangulare (Chlorophyceae) and Aphanotece clathrata (Cyanophyceae).
The salinity resistance of M. viridis was tested in a third experiment at four stages of development: 1-to 3-setiger larvae, 4-to 16-setiger larvae, juvenile (30-to 50-setiger) and adult. Except for the 1-to 3-setiger larvae (acclimation for only 1 day), the animals were acclimated to the experimental temperature (T = 10°C) and a mean salinity of 5‰ for 1 week. The animals were exposed to the various salinities in groups comprising 300-500 larvae or 10 juveniles or adults each. The duration of the test was 48 h for larvae and 72 h for juveniles and adults.
Data analysis
A statistical computer program (SPSS for Windows) was used to analyse the data. The data for each treatment were assessed by means of the χ 2 test, the Kolmogoroff-Smirnov test and, if <20 larvae were involved, the zero class test at the 5% level of error (P < 0.05). These tests showed that the data for experiment 1 were not normally distributed over the entire duration of the experiment. Data normalization was tried using several data transformations (arcsin x, log 10 x, log 10 (x + 1), root x), but was not successful. Levene's test for homogeneity of variances between the data within a treatment showed significant differences (P < 0.05), and the non-parameteric Kruskal-Wallis H-test and Mann-Whitney Utest for independent samples were used for the further analysis of experiment 1.
The Kruskal-Wallis H-test was used to analyse differences between the data for nine treatments (5-20°C and 5-20‰) on each day. Null hypotheses (H o ) were rejected at the 5% level of significance, and then differences between the separate pairs were detected at the 5% level of error by the Mann-Whitney U-test. Box and whisker plots were produced for five experimental days to summarize the data distribution for each treatment (median value, 50% data box, extreme values and outliers).
Experimental treatment effects (temperature) on larval growth at 3.5‰ in experiment 2 were analysed using the t-test for independent samples. The homogeneity of variances assumption was tested using Levene's test and found to be valid.
The LC 50 values (median survival salinity) in the tolerance tests (experiment 3) and their standard deviations were found by means of probability paper.
Results
Experiment 1
One-setiger larvae were unable to develop at a salinity of 0.6‰. No live larvae were found after 6 days. At a salinity of 2.5‰, the larvae grew to the 3-setiger stage within 6 days, but no further development was observed up to day 12, and all larvae had died by day 19.
At salinities >5‰, the larvae were able to survive for at least 4 weeks, and it was possible to compare development under nine treatments.
The factors temperature and salinity affect larval growth from the sixth day onwards. Larval growth was significantly fastest at 20°C/10‰ (P < 0.001) ( Figure 1A ). Larvae grew more rapidly at temperatures >5°C, but interactions with salinity were present because the larvae developed better at 10‰ than at 5 and 20‰.
Differences were much smaller after 18 days, when larval development was significantly slower at 5°C, but little (P < 0.05) or no differences were found between the effects of exposure to 10 and 20°C or of varying salinities at constant temperature. Low salinity (5‰) hindered larval development at 5 and 20°C, and only three and two larvae, respectively, survived treatments for 18 days ( Figure 1B) . At 5°C and 5‰, the larvae were unable to develop beyond the 3-setiger stage.
First larvae metamorphosed into juveniles after 26 days at 20°C and 10‰, but only three animals survived this long. The larvae held at 20°C had a strikingly abnormal appearance throughout the experiments. Unusually elongated and very slender, they lacked the otherwise sturdy, long and numerous larval spines on all setigers, except for a few short spines on the first. The capillary spines formed later were also unusually small. The palps normally formed at the 12-setiger stage were completely lacking, and the otherwise dense ciliation of the gastrotrochs was sparse and small. Larval development was significantly slower at temperatures >10°C at 20‰ than at 10‰ (Figure 2A) .
By the 40th day, all larvae receiving the 5‰ treatments had died without reaching metamorphosis. Larval development at 5°C was significantly (P < 0.01) more rapid at 20‰ than at 10‰, but the situation was reversed at 10°C ( Figure 2B ). No differences were observed between treatments at 10 and 20°C, but all larvae grew more rapidly than at 5°C. Metamorphosis into juvenile animals took place after 34 days at 20°C/20‰, 7 days later at 10°C/10‰ and on day 46 at 10°C/20‰. At 5°C, the larvae in salinities of 10‰ and 20‰ reached metamorphosis stage after 10 and 12 weeks, respectively. Larval growth was more rapid at 10°C (P < 0.01), but the salinity influence was much smaller (P < 0.05) (Figure 3) .
Development from larvae to juveniles was most rapid (4-5 weeks) at 20°C. At 10°C, development to this stage took 5-7 weeks, and at 5°C it lasted 2.5-3 months (Figure 4) . Larvae needed at least 350 daydegrees (the sum of the water temperatures during the development time in days) to develop successfully into juveniles. However, at 20°C, development to this stage took at least 3.5-4 weeks, which means that 500-700 day-degrees are needed at this temperature.
Experiment 2
Larvae with 4-5 setigers were placed in an aquarium containing water with a salinity of 3.5‰. These animals were able to metamorphose and survive as benthic juveniles even at this low salinity at temperatures ≤10°C ( Figure 5 ). The larvae died after 2 weeks of exposure to this low salinity at 20°C.
The speed of development of 4-to 5-setiger larvae exposed to 3.5‰ was also highly significantly (P < 0.01) more rapid at 10°C than at 5°C from the fourth week onwards, and the significance increased as larval development proceeded. The first of the larvae held at 10°C completed their metamorphosis to benthic juveniles ~5 weeks after the experiment started and survived up to the end of the experiment after 8 weeks, when the first juveniles were found among the group held at 5°C ( Figure 5 ).
Course of development and time of metamorphosis
Larval growth within the various experimental aquaria varied considerably. In the experiments with salinities of 10 and 20‰, which all continued for a considerable time, a few larvae had only reached the 4-to 6-setiger stage after 5 weeks, depending on the temperature (Table I) . By this time, the largest larvae at 5°C already had 10 and those at 10°C even had 15 setigers. The first juveniles with 16 setigers were found among the animals held at 20°C at this time. The difference between the smallest larvae and the largest animals increased as the experiment continued. The differences became even more marked after the juveniles settled. These grew very rapidly and were able to form 15 new segments in only 11 days at 20°C and 20‰. In the group held at 10°C and 20‰, the difference between the smallest larvae (seven setigers) and the largest juveniles (46 setigers) was almost 40 setiger classes.
Larvae held at 3.5, 10 and 20‰ reached the metamorphosis stage. No morphological differences were observed between larvae from different treatments. The earliest benthic stages had 15 setigers in all aquaria, and the largest larvae at metamorphosis had between 16 and 18 setigers. One larva held at 20°C and 20‰ reached the 20-setiger stage.
Experiment 3
The various development stages of M.viridis tolerated salinities <l‰ (i.e. almost freshwater conditions) at 10°C for 48 h (larvae) and 72 h (benthic animals) (Figure 6 ). Larvae at the 1-to 3-and 4-to 16-setiger stages were significantly more sensitive to low salinities (LC 50 = 0.77 and 0.57‰, respectively) than juvenile and adult animals (LC 50 = 0.048 and 0.025‰, respectively). The difference between the mean salinities lethal to larvae with 4-10 setigers and 1-3 setigers, respectively, was not significant.
Discussion
The polytrophic boddens south of Darss-Zingst Peninsula are characterized by decreasing salinity from east (nearly 12‰) to west (freshwater). For many marine invertebrates, it represents a natural boundary to their range of distribution. The spionid polychaete M. viridis successfully immigrated into these waters in the late 1980s, and high abundances of benthic and pelagic development stages have since been found, especially in oligohaline areas (Zettler et al., 1995; Bochert et al., 1996) . Our work shows that the salinity tolerance (LC 50 < l‰) of M. viridis larvae is only slightly lower than that of juvenile and adult animals (LC 50 < 0.1‰). This enables them to survive the transient, current-induced periods of low salinity typical of their habitat.
It is generally acknowledged that the weakest link in the chain of development should be singled out for study when investigating the physiological potential of a species, and it has been shown that the weakest link for many marine invertebrates is the early embryonic or larval stage. The eggs of N.diversicolor can still be fertilized at salinities of only 1.8‰ at a temperature of 18°C, but 'salinity profiles' of larval development show that egg cleavage and development into early trochophores is impossible at <5‰ (Smith, 1964) .
Our study reveals a similar situation in the case of M.viridis. The mean lethal concentration for larvae with 1-3 setigers is 0.77‰, but larvae are unable to develop beyond the 3-setiger stage and can survive for only 2-3 weeks at salinities of 2.5‰. According to Bochert and Bick (1995) , the transition from the 3-to 4-setiger stage is critical because, once the yolk reserves have been exhausted, the animals become exclusively planktotrophic. Even a salinity of 5‰ is too low for successful larval development. At this salinity, the larvae survive for ~4 weeks, but do not assume a benthic life mode. At these low salinities, the larvae obviously cannot produce the energy needed for osmotic and ionic regulation and, simultaneously, developmental processes.
Higher salinities permit continuous, successful larval development, and the time needed is shorter at 10‰ than at 20‰. This may represent an adaptation to brackish-water habitats like that of the adults.
Our results confirm George's (1966) observations concerning a North American M.viridis population in an estuarine habitat with salinity fluctuations between 1 and 32‰. The rates of larval development did not vary discernibly at salinities >10‰ and no growth was recorded at salinities <5‰ (George, 1966) .
Pelagic larvae migrate mainly by riding the currents. If larvae of M.viridis, having reached the 4-setiger stage, drift into oligohaline regions where salinities do not fall below 3.5‰, they are able to continue their development up to metamorphosis and adopt a benthic mode of life.
Temperature not only affects tolerance to various environmental factors, including salinity (Hohendorf, 1963; Smith, 1963; Lyster, 1965) , but it also has a major impact on the duration of larval development (Thorson, 1946 (Thorson, , 1950 Yokouchi, 1985) . The M.viridis population in the boddens south of the Darss-Zingst Peninsula spawns in late autumn at water temperatures <15°C (Bochert and Bick, 1995) .
During the larval phase, the water temperature continues to fall down to freezing point. In the laboratory, larval development at 20°C was shorter than at 10°C, but the larvae developed abnormally. A temperature of 20°C seems to be too high, growth in length apparently being enhanced at the expense of other developmental processes such as the growth of larval spines and ciliation. These larvae would probably be unviable under natural conditions since, for instance, the steady, strong directed current normally generated by the ciliation of the prototroch, gastrotrochs and mouth region is necessary for the induction of phytoplankters serving as a food source. Our 'best' temperature for larval development in the laboratory therefore appears to be roughly the same as the temperatures recorded in the field during reproduction.
Larval development of M.viridis to the benthic juvenile stage takes 4-5 weeks at 10°C. George's (1966) study based on larvae from a North American population yielded the same results. Although the larvae of that population adopted a benthic mode of life with only 10 setigers (Baltic individuals have 16-19 setigers at metamorphosis), they also needed 5-6 weeks at 10°C to reach this stage (George, 1966; Bochert and Bick, 1995) .
The duration of the pelagic phase under laboratory conditions was the same as that observed in the field. The first juveniles in the natural habitat were found on October 10, 1992, 29 days after spawning. The number of day-degrees (d°C) calculated for this period, during which the temperature decreased from 14.3 to 8.6°C, was 383.6 d°C at a mean salinity of 8.2‰. This value lies close to the number of day-degrees (400 d°C) required for larval development at 10°C and 10‰ in the laboratory. The daydegree values calculated for development at 5 and 10°C in 10 and 20‰, respectively, also lie between 355 and 470 d°C, and are therefore in the same range. The laboratory values differ considerably only for 20°C (520 and 680 d°C at 10 and 20‰, respectively). We can therefore assume that M.viridis needs around 350-470 d°C during at least 3.5-4 weeks for its larval development. In the laboratory, all larvae had at least 15 and none >20 setigers at metamorphosis, regardless of conditions. However, these values are extremes and the average size at metamorphosis was the same as that observed in the field, i.e. 16-17 setigers.
This high variability of larval growth within a cohort has also been observed in other polychaete larvae. Sabellaria alveolata held in an aquarium produced settling stages over a period of 6 months (Wilson, 1970) . This phenomenon has also been observed in M.viridis and reduces competition for space and food by preventing all larvae from settling simultaneously. Zettler et al. (1995) showed that juvenile mortality is high immediately after metamorphosis. The vacant areas this leaves can be colonized by larvae that spend longer among the plankton. In addition, a lengthy pelagic phase increases the chance of colonizing new regions, and would also explain the rapid colonization of Baltic estuarine regions by this spionid (Persson, 1990; Gruszka, 1991; Norkko et al., 1993) .
Larvae may postpone settlement in the absence of a suitable substrate (Day and Wilson, 1934; Jagersten, 1940; Wilson 1948 Wilson , 1952 Guerin, 1982) , in which time they grow slowly and build only a few (2-4) new segments (Day and Wilson, 1934) . Larvae of M.viridis settled more often in sediments with organic contents >1% DW than in sediments with lower organic content or on the bottom of the glass aquarium, but settlement behaviour was not affected by grain size (Rohrig and Wächtler, 1994) . Therefore, the observed variability in larval growth under a given treatment may be caused by the lack of a suitable substrate.
Summarizing, the oligohaline region can be regarded as the boundary for the generative distribution of M.viridis as well. Laboratory experiments have shown that salinities of around 10‰ and temperatures of around 10°C represent favourable conditions for its larval development. These conditions correspond roughly to those found in its natural habitat. The larvae of M.viridis are generally able to survive transient reductions in salinity to l‰ and, having reached or passed the 4-setiger stage, can even develop into benthic juveniles at salinities of 3.5‰. This enables them to colonize oligohaline areas at an early stage. The larvae of M. viridis are adequately adapted to life in a brackish-water environment. Recent studies performed by Schneider (1996) showed that the pelagic larvae have a high tolerance to hydrogen sulphide, a very important factor in shallow polytrophic waters like the boddens south of Darss-Zingst. According to Fritzsche and von Oertzen (1995a,b) , the larvae of M.viridis are able to compensate excellently for the temporary oxygen deficits encountered in such areas, and they are also able to survive short-term anoxic conditions by reducing their metabolic activity.
Owing to the high physiological performance found even at the larval stage, M.viridis is able to colonize areas outside of the distribution ranges of many euryhaline species and also of many genuinely brackish-water organisms.
